Introduction
Neuroblastoma, the most common solid tumor of childhood, actually refers to a series of conditions aecting the proliferation of peripheral neural progenitors. Neuroblastoma in situ describes the presence of adrenal medullary nests of neuroblasts. These are normal embryological structures uniformly present in human fetuses at 17 weeks that usually, but not always, disappear by birth (Turkel and Itabashi, 1975; Ikeda et al., 1981) . Analysis of the results of infant screening studies for neuroblastoma in Japan have suggested that a substantial number of infants may possess clinically silent neuroblastomas that resolve spontaneously without treatment (Goodman, 1991; Bessho et al., 1991) . Many clinically detected neuroblastomas in the ®rst year of life can be cured with relatively modest treatment even with distant metastases. Such neuroblastomas often have areas of dierentiated neural stroma with mature ganglion cells and neural ®ber along with undierentiated neuroblasts and can be classi®ed as ganglioneuroblastomas. These tumors can completely disappear or dierentiate into benign ganglioneuromas. However, in approximately half of patients, neuroblastomas are aggressively malignant, resistant to therapy and ultimately lethal. Certain markers such as N-myc ampli®cation and LOH of human chromosome 1p36, are closely correlated with poor prognosis, while early age of onset and high levels of Ras are good prognostic features (Brodeur, 1995; Tanaka et al., 1988) .
Neuroblastomas are thought to develop from neural crest-derived cells that have aberrant regulation of crucial growth regulatory genes. Understanding the mediators of normal neural crest cell proliferation and dierentiation will likely help us understand the pathogenesis of neuroblastoma. During vertebrate development neural crest-derived cells migrate, proliferate and ultimately dierentiate into a wide variety of cell types and tissues, including the adrenal medulla and most of the peripheral nervous system (PNS) (LeDouarin, 1982) . Although the control of these developmental processes is not completely understood, signaling via receptor tyrosine kinases (RTKs) on the surface of these cells is clearly necessary for proper formation of the PNS. One family of RTKs, the neurotrophin receptors ± trkA, trkB, trkC and Ret, and their ligands ± nerve growth factor (NGF), brainderived neurotrophic factor, neurotrophin-3 and glialderived neurotrophic factor are important for neuronal survival. (Snider, 1994; Silos-Santiago et al., 1995; Schuchardt et al., 1994; SaÂ nchez et al., 1996; Pichel et al., 1996; Moore et al., 1996) . In addition, signaling via neurotrophin receptors may also have direct mitogenic eects on developing neuroblasts (DiCicco-Bloom et al., 1993) .
Intracellular signaling via Ras appears to be a critical mediator of many of the neuronal responses generated by RTK activation, as reviewed in Kaplan and Stephens (1994) . Ras exists in two forms ± an activated state bound to GTP and an inactive GDPbound state. The Ras-GTP/Ras-GDP ratio is influenced by an intrinsic GTPase activity that can be stimulated by several members of the Ras-GAP family, as well as guanine nucleotide exchange factors (GEFs) , that catalyze the exchange of GDP and GTP, Lowy and Willumsen (1993) .
Studies of primary cultures as well as cell lines have documented a role for Ras in mediating the cell fate of sympathoadrenal cell precursors (Anderson, 1993; Foreman et al., 1992) , as well as in¯uencing proliferation, migration and apoptosis (Bar-Sagi, 1989; Lee et al., 1996; Gulbins et al., 1995) . However, the generalization of many of these studies to normal dierentiation is unclear because some of the cell lines, such as PC12 cells, used in these studies were derived from tumors with acquired somatic mutations (Hopewell and Zi, 1995) .
In vivo evidence for Ras' role in the development of the peripheral nervous system comes from targeted disruption of the neuro®bromin (N¯) gene (Brannan et al., 1994) . Neuro®bromin is a Ras-GAP protein that stimulates the intrinsic GTPase activity of Ras, thus limiting its activation. Mice lacking neuro®bromin exhibited hyperplasia of prevertebral and paravertebral sympathetic ganglia in day 13.5 embryos (Brannan et al., 1994) . These mice develop severe cardiac defects and die by embryonic day 13.5, limiting the information that can be inferred about Ras' role in later stages of the peripheral nervous system. However, superior cervical ganglion (SCG) neuronal precursors from these mice do show increased survival in culture (Vogel et al., 1995) .
Ras has been postulated to have both favorable as well as unfavorable eects on the behavior of neuroblastomas. Neuroblastomas with a good prognosis tend to have high levels of H-ras protein (Tanaka et al., 1988) . However, it is not clear whether Ras is a modulator of neuroblast dierentiation in these tumors or merely a marker for neuronal dierentiation. Activated Ras is known to be a potent inducer of neuronal dierentiation in PC12 cells (Kaplan and Stephens, 1994) . Furthermore, treatment with NGF can activate Ras, inhibit N-myc expression and trigger dierentiation of neuroblastoma cell lines derived from highly malignant tumors (Poluha et al., 1995; Burchill et al., 1995a) . Although oncogenic Ras mutations are rare in human neuroblastomas (Ireland, 1989) activation of Ras via the action of GTPase activating proteins can actually drive cell proliferation and prevent terminal dierentiation of neuroblastoma cells (Burchell et al., 1995b) .
To investigate the eect of Ras activation during development of the PNS and adrenal medulla in vivo, we used the human dopamine-b-hydroxylase (DBH) promoter to direct expression of a constitutively active Ras in developing and mature sympathetic, adrenal chroman and enteric neuronal cell populations in transgenic mice. These mice also provide clues as to possible roles of Ras in neuroblastomas.
Results

Generation of DBH-Ras mice
The transgene used in these experiments (DBH-Ras) consists of 5.8 kb of the human DBH promoter directing expression of activated c-Ha-Ras Val12 ( Figure  1 ). Expression of b-galactosidase with the same promoter in DBH-nlacZ transgenic mice revealed expression at embryonic day 9.5 (E9.5) and continuing throughout development of the sympathetic and enteric nervous systems and adrenal medulla . Previous work suggested that expression of DBH-Ras was lethal in transgenic mice, because 10 out of 20 E11.5 ± E12.5 fetuses and ®ve of 10 resorption sites were transgene-positive, but none of the mice surviving to weaning (n=66) were transgenepositive (E Mercer, G Hoyle, R Palmiter and R Brinster, unpublished results). As an alternate means of studying the eect of constitutive Ras expression on the development of the PNS and adrenal medulla, we created chimeric mice from ES cells carrying the DBH-Ras transgene. The ES cells also carried a DBHnlacZ transgene to provide a histochemical marker for the nuclei of catecholaminergic cells . Four DBH-Ras ES cell lines 6, 7 and 19) , with up to 12 copies of the DBH-Ras transgene and producing high-level chimeric embryos as judged by X-gal analysis, were selected for further study (Table 1) .
In contrast to the apparent lethality of this transgene in transgenic mice derived by microinjection, high-level chimeric mice, up to 495% as judged by coat color, were derived from these ES cell clones (Table 1) and exhibited normal growth, behavior and development. However, very few ES cell-derived agouti pups were obtained after breeding these chimeric mice with C57BL/6J females. This re¯ects, at least in part, the poor ability of these ES cells to contribute to the germline, rather than a lethal eect of somatic DBH-Ras expression, because only half of the agouti pups would be expected to carry the transgene. One of the chimeric male founders derived from DBH-Ras 4, transmitted the transgene through the germline and was used to establish a line of transgenic mice. DBH-Ras mice had enlarged adrenal glands and sympathetic ganglia DBH-Ras mice carrying the DBH-nlacZ transgene, were stained histochemically with X-gal. As is apparent in Figure 2 , mice with the DBH-Ras transgene exhibited enlargement of certain sympathetic ganglia as well as their adrenal glands. Ventral to the aorta and vena cava in the retroperitoneum between the kidneys is a plexus of sympathetic ®bers and ganglia, the largest of which is the celiac ganglia (Figure 2a ). The neural tissue in this region was massively enlarged in most DBH-Ras transgenic mice and often enveloped the renal veins, adrenal vessels and extended to and around the adrenal glands (Figure 2b ). Enlarged nerve ®bers extended from the celiac ganglion into the mesentery (not shown). The adrenal glands themselves were typically expanded about 50% in the DBH-Ras mice due to expansion of the medulla. Enlargement of the thoracic paravertebral sympathetic chain was also 
Hyperplasia as well as extensive neurite elaboration of sympathetic tissues
The paravertebral sympathetic chain is normally composed of a series of discrete ganglia alongside the spine interconnected by thin ®ber tracts (Figures 2a  and 3a) . In contrast, a continuous thick`rope' of ®bers with interspersed neurons, was present in some of the transgenic mice (Figures 2b and 3b) . The enlargement and continuity of paravertebral ganglia appeared to re¯ect an increase in the number of Schwann cells, neurites and neurons. In place of the normal collection of ganglion cells surrounded by a loose stroma (Figure  3c ), the celiac ganglia, and indeed the entire preaortic sympathetic complex, was replaced by a ganglioneuroma with marked neuronal hyperplasia and densely packed Schwann cells and nerve ®bers (Figure 3d ). The neurons were sympathetic as revealed by immunoreactivity to tyrosine hydroxylase (TH) (not shown). Not all of the neurons stained with X-gal which represents, in part, lack of penetration of the stain as well as partial penetrance of DBH-nlacZ transgene expression in sympathetic ganglia that has been observed previously . The number of dividing cells diminished considerably after two weeks of age (not shown).
Activated Ras produced little eects in the SCG or entiric nervous system
In contrast to the phenotype of abdominal and thoracic sympathetic ganglia, the SCG appeared largely unaected. Histology revealed an apparent increase in neuronal size but no change in the amount of nerve ®bers (Figure 3e and f) . Similarly, the number of SCG neurons did not dier signi®cantly between adult transgenic mice (3659+766) and normal siblings (5004+1571). The percentage of Schwann cells in both wild-type and transgenic SCGs varied considerably and no consistent dierence was appreciated.
No enteric phenotype was seen in DBH-Ras mice. The mice displayed no functional bowel abnormalities such as diarrhea or obstruction. Furthermore, no dierence in the number of enteric neurons, as visualized by X-gal staining was seen during development or in adult mice (not shown). There was also no obvious dierence in the size or organization of the enteric ganglia and neural plexus as seen in hematoxylin and eosin (H+E) stained tissue sections (not shown) or in whole mount sections of intestine stained histochemically for acetylcholinesterase (Figure 3g and h).
Adrenal medulla in DBH-Ras mice contained sympathetic neurons
The adrenal medulla of many of the transgenic mice were greatly expanded with thinning and disruption of the surrounding cortex (not shown). In DBH-Ras 6, 7 and 19 chimeric mice the normal uniform appearance of medullary chroman cells (Figure 4a ) was replaced by a ganglioneuroma consisting of large neurons, neural processes and Schwann cells (Figure 4c ) reminiscent of a sympathetic ganglion. The adrenal neurons within the DBH-Ras 4 line of mice were generally smaller and less well dierentiated ( Figure  4b ) than those seen in the other lines (Figure 4c ). Occasionally, foci of small round cells with anaplastic nuclei and a small cytoplasmic to nuclear ratio were seen in the adrenals or celiac ganglia (Figure 4b Circulating levels of epinephrine, produced by the action of PNMT in chroman cells, were signi®cantly decreased in DBH-Ras 4 mice as compared to control littermates ( Figure 6 ). Serum levels of norepinephrine and dopamine were unaected.
Approximately 30% of mice derived from the DBHRas 4 line displayed enlarged cystic adrenal glands. In these mice the adrenal cortex was often¯attened with a small rim of medullary tissue surrounding a large central cyst ®lled with clear¯uid (not shown). This could be the result of venous obstruction because it was often associated with a hypertrophied preaortic sympathetic plexus enveloping the adrenal vessels.
Comparison of activated Ras mRNA levels
To determine whether dierences in the levels of DBHRas expression could account for the lower degree of neural dierentiation seen in adrenal medulla of DBHRas 4 mice as compared to DBH-Ras 6, 7 and 19 mice, we used an RT ± PCR assay to determine the levels of activated Ras mRNA in isolated adrenal glands ( Figure 7a) . As an internal control we co-ampli®ed endogenous murine DBH mRNA. The levels of adrenal Ras mRNA in adult DBH-Ras 4 mice was *10% that of DBH-Ras 6, 7 and 19 mice (Figure 7b) . The dierence at the cellular level was likely more than indicated because the DBH-Ras 6, 7 and 19 mice used for these analyses were respectively 60%, 85% and 30% chimeric as judged by coat color, whereas the DBH-Ras 4 mice were hemizygous for the transgene. Thus, levels of transgene message correlated with the degree of neuronal dierentiation seen in the adrenal medulla.
Expression of the Ras transgene had a variable eect on the levels of DBH mRNA detected by RT ± PCR in the adrenal glands of these mice (Figure 7a, c) . This presumably re¯ects dierences in the cellularity or the percentage of chroman cells in DBH-Ras adrenals as compared with controls (see Figure 4) . tion. We used this ratio to ask whether the dierent phenotypes seen among sympathetic tissues could be explained by diering levels of activated Ras. For this study we used hemizygous DBH-Ras 4 mice, instead of chimeric mice from the other lines to avoid possible variations in chimerism of dierent tissues. Comparable ratios were found in most of these sites ( Figure   7d ). The celiac ganglion stood out as having higher relative levels of activated Ras message in 17-day-old and adult mice as compared to other sympathetic tissues and the adrenal gland. This dierence was also seen in newborn mice, but to a lesser degree. Relative levels of activated Ras mRNA in enteric neurons from newborn colon were comparable to those found in other sympathetic neurons, despite the lack of an observed phenotype. Thus, the lack of a proliferative eect of Ras on SCG and enteric neurons was not adequately explained by diering levels of transgene mRNA. The DBH-Ras transgene continued to be expressed in the neuroblastomas with levels of mRNA 0.6 to 2.4 times those seen in the adrenal gland (not shown). The levels of DBH message levels in neuroblastomas ranged from one to 2.4 times that seen in a non-malignant DBH-Ras 4 adrenal (not shown). To verify that these changes in mRNA levels were correlated with protein levels we compared the levels of total Ras expression in the SCG and CG of newborn and adult wild-type and transgenic mice (Figure 8 ). We used a pan-Ras antibody, not speci®c to the Val-12 mutated Ras transgene. Nonetheless, higher levels of total Ras were found in the analysed tissues of transgenic mice, presumably re¯ecting expression of the DBH-Ras transgene. Highest levels of Ras were found in the celiac ganglia of newborn transgenic mice and in neuroblastomas (Figure 8 ). The levels of Ras protein declined with age in transgenic celiac ganglia to levels comparable to those found in transgenic SCG. The ratio of activated Ras mRNA to DBH mRNA levels was determined in the tissues indicated from newborn (P1), 17 day old (P17) and adult DBH-Ras 4 mice. This ratio provided a rough estimate of the amount of activated Ras mRNA per neuron. Relative levels of activated Ras message are similar at comparable time-points in the adrenals, SCGs, as well as in newborn CG and colon. Thus, the minimal phenotype seen in the SCG, the absence of an eect in the colon, as well as the pronounced hypertrophy seen in the celiac ganglia at birth, are not accounted for by dierences in the level of activated Ras mRNA per neuron. DBH and activated Ras mRNA are nearly undetectable in the colon adult mice. Error bars re¯ect the s.e.m. from two to eight PCR reactions from the same specimen at various dilutions. Plotted values in b and c were normalized to EF1-a to control for variations in input cDNA
Expression of activated Ras predisposes mice to neuroblastoma
Approximately 30% of the chimeric mice died at a mean age of 15.4 weeks (range 4 ± 37 weeks, Table 1 ) with abdominal tumors arising most often from the preaortic sympathetic complex in the area of the celiac ganglion but also from the adrenal medulla. Histology revealed these tumors to be neuroblastomas, composed primarily of small cells with nuclear atypia and occasional pseudo-rosette formation. About one third of the neuroblastomas examined were highly anaplastic, with little evidence of neuronal dierentiation (Figure 9a ). Some of these were highly malignant with metastases to mesenteric lymph nodes, liver and lung. The neuroblasts were generally immunoreactive to TH, Ret and Ras (not shown). Varying amounts of dierentiated neural stroma were seen along with undierentiated cells in most of the neuroblastomas (Figure 9b , c). Malignancies occurred with approximately equal incidence and timing in chimeric mice derived from all four ES cell clones (Table 1) . When 55 mice from the established DBH-Ras 4 line older than 12 weeks (range 12 ± 52 weeks, avg. 29) were examined the incidence of neuroblastomas was similar (18%), but the timing was appreciably later (avg. 26 weeks, range 12 ± 43). This dierence could re¯ect dierences in genetic background since the original 129/C57BL6 chimera had been back-crossed to C57BL6 mice to establish the DRas 4 line. There was a variable degree of sympathetic hyperplasia in this line especially among adult animals apparently due to decreased transgene expression with advancing age in some of the mice (Figure 8 ). No neuroblastomas were seen in control littermates.
Analysis of N-myc in neuroblastomas
Southern blot analysis of neuroblastomas dissected from four DBH-Ras mice indicated that the N-myc gene was not ampli®ed (not shown). N-myc is primarily expressed during fetal organogenesis (for review see Alt and Zimmerman, 1990) . Consistent with this observation we found that N-myc mRNA was undetectable in adult wild-type celiac ganglia ( Figure  10 ). However, N-myc mRNA was present in hyperplastic celiac ganglia from newborn DBH-Ras transgenic mice as well as all neuroblastomas (Figure 10 ). The levels of N-myc expression varied considerably and did not correlate with the degree of dierentiation seen. In this study neuroblastomas W284 and W274
were undierentiated, while samples W765, W935, W377 and W347 had substantial areas of histological dierentiation.
Neuroblastomas were aneuploid and displayed variable karyotypic abnormalities
We used¯ow cytometry to analyse the DNA content of cells from neuroblastomas and normal tissues. Figure 8 Western blot analysis of Ras protein levels. Total cell lysates (50 mg) were prepared from the designated tissues, separated on 8% polyacrylamide ± SDS gels under reducing conditions, and subjected to immunoblotting with anti -Ras antiserum. wt, wild-type; TG, transgenic; celiac, celiac ganglia; SCG, superior cervical ganglia; 935T, neuroblastoma from transgenic mouse #935 control adult celiac ganglia of 2.1+0.9 (n=3) and 1.8+0.8 (n=4), respectively. The tumors consisting of only near diploid cell populations (W274, W284, W361), displayed minimal evidence of dierentiation, and two of these had invaded neighboring tissues and metastasized to liver and regional lymph nodes. The neuroblastomas with near tetraploid populations (W377, W347) were localized and had an increased amount of dierentiated stroma. Karyotypes of neuroblastomas W377 and W347 veri®ed the presence of near tetraploid and near diploid cell populations. Many of the near diploid cells had lost or gained a single chromosome. Occasional deletions and translocations were seen, however, the identical rearrangements or chromosome imbalances were not seen in more than two cells with 50 and 24 cells examined from these specimens. In human neuroblastoma loss of heterozygosity (LOH) of chromosome 1p36 is of prognostic signi®cance, however, gross deletions or rearrangements of the syntenic region of chromosome 4 were not seen in these murine tumors.
Discussion
We used an ES cell approach to examine the eects of expressing activated Ras in the developing sympathetic and enteric nervous systems as well as the adrenal medulla. In contrast to the apparent lethality observed in transgene mice derived by microinjection of this transgene, we were able to derive high-level chimeric mice and establish a line of hemizygous mice expressing DBH-Ras. Dierences in levels of transgene expression or perhaps in genetic background may have allowed DBH-Ras mice to survive. In vitro studies have led to the hypothesis that bipotential sympathoadrenal (SA) precursors populate the developing adrenal gland and their cell fate is determined by the balance of signals they receive from neurotrophins and glucocorticoids (Anderson, 1993) . Neurotrophins reinforce a neuronal phenotype, while glucocorticoids produced from the surrounding adrenal cortex block this eect, at least in part by downregulating trkA expression (Foreman et al., 1992) and promote the acquisition of chroman characteristics. Activated Ras would be expected to mimic RTK signaling, and thus bypass the need for activation of neurotrophin receptors in early SA-precursor cells. Our ®ndings are consistent with this model since the degree of neuronal dierentiation as well as the percentage of chroman cells correlates with the levels of activated Ras message detected by RT ± PCR. Furthermore, most chroman cells were adjacent to the cortex or vascular spaces within the medulla, presumably sites exposed to the highest levels of glucocorticoids. It is possible that the chroman cells developed from a subset of progenitor cells that had silenced the transgene during development. However, we saw expression of immunoreactive Ras as well as X-gal staining in all the adrenal medullary cells of DBH-Ras 4 newborns (not shown). We believe that Ras redirected the dierentiation of precursor cells to a neuronal fate because in some DBH-Ras mice the total number of chroman cells was dramatically decreased, favoring the idea that a ®nite pool of bipotential progenitors acquired a neural fate. However, Ras might also have allowed survival and proliferation of a separate pool of neural progenitor cells otherwise fated to undergo apoptosis. The dramatic lowering of serum epinephrine levels in Dras-4 mice presumably re¯ects the decrease in the amount of chroman cell PNMT expression (Figure 5k ), as well as perhaps a decrease in the number of chroman cells. Since these chroman cells do not produce appreciable levels of immunoreactive Ras, this suggests that DBH-Ras expression in chroman cell precursors aected their dierentiation.
The marked enlargement of the abdominal preaortic sympathetic ganglia in these DBH-Ras transgenic is primarily due to neuronal hyperplasia, consistent with a mitogenic eect of activated Ras. This was also apparent in the adrenal medulla of some of the mice, which were tremendously expanded and ruptured the adrenal cortex. Higher levels of oncogenic Ras expression in the newborn celiac ganglia appear to account for the dramatic hyperplasia at this site and may account for the predisposition of this site to neuroblastoma formation. The paravertebral sympathetic chain was enlarged in many DBH-Ras mice with markedly increased nerve ®bers, a modest increase in neurons, as well as a relative lack of coalescence of neurons into distinct ganglia. This may represent the survival of neurons that have not achieved a functional connection with their target organs. Such neurons would have normally undergone apoptosis (Davies, 1994) without proper levels of target derived neurotrophins. An overabundance of neural stroma consisting of nerve ®bers and Schwann cells was also apparent Figure 10 Analysis of N-myc mRNA levels in celiac ganglia and various neuroblastoma specimens. Total cellular RNA (7.5 mg) from pooled celiac ganglia of seven adult wild-type (A) or three newborn (NB) DBH-Ras 4 mice, as well as from several neuroblastomas isolated from the indicated mice, was loaded onto each lane and hybridized to a full-length murine N-myc cDNA probe. To demonstrate the presence of sympathetic tissue in the celiac ganglia specimens the blot was subsequently stripped and reprobed to a near full-length rat TH cDNA probe. To reveal any dierences in loading the blot was restripped and probed using a probe speci®c for the elongation factor EF1-a within the celiac ganglia and adrenal medulla of the DBH-Ras mice. There was variability in this regard between dierent lines of DBH-Ras mice, with highest amounts of neurons and ®bers present in mice that expressed the highest levels of activated Ras mRNA. It thus appears that activated Ras can have eects on sympathoadrenal proliferation and neurite elaboration, as well as in¯uencing cell fate. The precise eect of Ras varies depending on the site and the timing of expression, likely as a result of modulation of pathways downstream of Ras. Two tissues, the SCG and intestine, in which we clearly detected transgene mRNA, displayed no pathology other than a slight increase in the size of SCG neurons. This was unexpected in light of the ®nding that activation of Ras in N¯-null mice led to neurotrophin-independent survival of SCG neurons in culture (Vogel et al., 1995) . Since limiting amounts of neurotrophins are believed responsible for regulating the ®nal number of neurons during development, we had anticipated an increased number of SCG neurons in DBH-Ras. However, there was no signi®cant aect on the number of SCG neurons, despite the demonstration of transgene expression. Enteric neurons are only transiently catecholaminergic during development as documented by immunoreactivity to TH and DBH, and in situ hybridization (Baetge et al., 1990; Teitelman et al., 1981) . The level of DBH-Ras transcripts in the colon, as detected by RT ± PCR, was similar to that seen in the adrenal gland and paravertebral sympathetic ganglia. These levels of transgene message paralleled that of endogenous DBH and fell to nearly undetectable levels in adult mice. Because of this decline after birth it is possible that some potential adult phenotypes might not be revealed. Nevertheless, because gene mutations involving the Ret RTK aect colonization of the gut by enteric neuroblasts (Schuchardt et al., 1994) there was ample reason to expect that perturbation in Rasmediated signaling would have aected the migration, proliferation and/or dierentiation of enteric neuroblasts.
Why SCG and enteric neurons in the DBH-Ras mice should be relatively unaected is unknown. The development of these two cell populations diers from the rest of the peripheral nervous system by virtue of their dependence on signaling via the Ret RTK. This was demonstrated by the speci®c loss or reduction of these two cell populations in mice homozygous for a null mutation either of Ret (Durbec et al., 1996) , or the gene for its ligand GDNF (SaÂ nchez et al., 1996; Pichel et al., 1996; Moore et al., 1996) . Since Ret expression commences earlier than DBH (Lo and Anderson, 1996) it is possible that these cells transduce signals resulting from Ret activation only at these earlier stages. Alternatively, Ret may primarily signal via pathways that are independent of Ras in these cells or these cells may have potent mechanisms to constrain Ras activity.
A minority of the DBH-Ras mice developed neuroblastomas, with aneuploid cell populations suggesting that mutations in other growth regulatory genes are required for oncogenesis. Despite the common ®nding of N-myc gene ampli®cation in advanced human neuroblastomas, the N-myc gene was not ampli®ed in the neuroblastomas we examined. Nonetheless, all of these neuroblastomas did express N-myc mRNA. Persistent expression of N-myc may block neuronal dierentiation and contribute to a malignant state (Schwab et al., 1984) . However, the relatively low levels of N-myc expression in some highly undierentiated neuroblastomas (e.g. W274, Figure 9 ) suggest that other factors likely contribute to oncogenesis in these mice.
Higher levels of Ras expression are seen in neuroblastomas with a greater degree of differentiation and are correlated with an improved prognosis (Tanaka et al., 1988) . The demonstration of continued expression of high levels of activated Ras in undierentiated neuroblastomas in these mice indicates that any dierentiating eect of Ras can be overcome by the forces driving proliferating in these tumors. This suggests that expression of Ras in dierentiated human tumors may be secondarily induced upon dierentiation rather than being a modulator of neuroblast dierentiation.
Neuroblastoma in situ, or clinically benign neuroblastomas detected by screening programs, may represent such mutations in Ras pathways that prolong the proliferative phase of these cells but, by themselves, do not overwhelm normal dierentiation programs. Pathways downstream of Ras appear to mediate diverse eects on neuroblasts during development. Further delineation of these pathways and their eectors may provide clues for manipulating the behavior of more resistant malignancies.
Materials and methods
Production of transgenic mice
The human DBH promoter extending from a SmaI site at 75.8 kb to a SalI site engineered at +35 bp was inserted upstream of the human EJ Ras gene, engineered to position a SalI site 64 bp 5' of the initiation codon in exon 2, and extending to the SstI site 586 bp beyond the last exon. EJ Ras is an activated c-Ha-Ras gene containing valine at amino acid position 12 (Capon et al., 1983) . This 8.1 kb fragment was inserted into a derivative of Bluescript SK whose polylinker was¯anked by NotI sites. A 2.7 kb blunted SalI ± BstEII fragment containing a herpes thymidine kinase promoter controling expression of a hygromycin-thymidine kinase function gene (kindly provided by S Lupton, Targeted Genetics) was then subcloned downstream of Ras in the same orientation.
The resulting 10.8 kb insert was excised as a NotI fragment and electroporated into a derivative of AB1 ES cells into which a DBH-nlacZ transgene marker had been introduced to provide a histochemical marker for developing catecholaminergic cells. ES cells were selected in 200 mg/ml hygromycin on SNLH4 ®broblasts, a hygromycin-resistant derivative of SNL76/7 STO ®broblasts (AB1 and SNL76/7 cell lines were provided by A Bradley). Twenty-®ve resistant colonies (DBH-Ras 1 to DBH-Ras 25) were expanded. The DBH-Ras transgene copy number was estimated from DNA dots probed with a human c-Ha-Ras probe normalized to human DNA. Several of these clones were injected into C57BL/6J blastocysts and transferred into pseudopregnant females as described (Bradley, 1987) . Pregnant females were initially sacri®ced 11 ± 14 days after transfer. Embryos were ®xed 1 h in 0.1 M phosphate buer pH 7.3 containing 0.2% glutaraldehyde, 2% formaldehyde, 5 mM EGTA and 2 mM MgCl 2 followed by three 30 min rinses in 0.1 M phosphate buer pH 7.3, 2 mM MgCl 2 , 0.1% sodium deoxycholate, 0.2% NP40. Embryos were then stained overnight at room temperature with 2.5 mM X-gal, 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide in rinse buer to reveal the developing sympathetic nervous system. Four ES cell clones 6, 7, 19) , that contained between 1 ± 12 copies of the DBH-Ras transgene, and produced highly chimeric embryos as judged by b-galactosidase staining with X-gal, were selected for further study. Chimeric mice were created from these four clones. Chimeric males from all four clones were mated with C57BL/6J females, but only a single line of mice, derived from DBH-Ras 4, was established. Some of the progeny that had lost the ES cell-derived DBH-nlacZ transgene through segregation were bred to DBH-nlacZ transgenic mice to maintain this marker. Mice used for these analyses had a mixed genetic background of 129, C57BL/6J and SJL.
Histochemistry and immunocytochemistry
Tissues were ®xed in 10% neutral buered formalin (NBF) and embedded in paran. Five-micron sections were used for H+E staining or indirect immunocytochemistry. Antibodies were used with the following speci®cities: Ras (pan-Ras(Ab-3) Oncogene Science, Uniondale, NY at 1 : 1000), tyrosine hydroxylase (TE101 Eugene Tech International Inc., Ridge®eld Park, NJ at 1 : 1000), the short isoform of Ret (C-19 Santa Cruz Biotechnology Inc., Santa Cruz, CA at 1 : 1000), neuropeptide Y (NPY, Peninsula Laboratories, Belmont CA 1 : 1000), and PNMT (Eugene Tech International Inc. at 1 : 500). Specimens for Ret immunostaining were pretreated by microwaving while submerged in 10 mM citrate pH 6.0 for 12 min and cooling at room temperature 20 min. Incubations with primary antisera were performed overnight at 48C. Bound antibody was visualized by incubating with horseradish peroxidaselinked anti-mouse IgG antisera (Vector Laboratories Inc.) at 1 : 250 dilution, followed by horseradish peroxidaseconjugated streptavidin (Zymed Laboratories Inc., So San Francisco, CA) at 1 : 250 dilution and reaction with 0.05% diaminobenzidine (Sigma, St Louis, MO) in PBS. Catecholamine histo¯uorescence was performed by reacting 10-micron frozen sections with glyoxylic acid as described (de la Torre, 1980) and viewing by epi¯uorescence using a Nikon Microphot-Fx microscope. To determine neuronal counts, the SCGs from four 3-month-old DBH-Rastransgenic mice and two non-transgenic littermates were dissected, ®xed in NBF and 7-microns sections were stained with cresyl violet. Neurons containing clearly distinguishable nucleoli were counted in every sixth section of both SCGs from each animal. To examine the enteric nervous system, 1 cm sections from the midcolon were¯ushed with PBS, ®xed in NBF for 90 min at 48C and rinsed in 0.1 M phosphate buer pH 7.4 three times for 30 min each. Specimens were then stained for acetylcholinesterase as described (Baljet and Drukker, 1975) .
Catecholamine assay
Serum was collected from six adult DBH-Ras 4 mice (three females and three males) as well as six wild-type siblings after euthanasia of mice with carbon dioxide. The levels of epinephrine, norepinephrine, and dopamine levels were determined using a modi®ed single-isotope enzymatic assay as described (Evans et al., 1978) .
Determination of activated Ras and DBH mRNA levels by RT ± PCR
Total RNA was extracted from frozen tissues using TRIzol reagent (Life Technologies, Inc., Grand Island NY). Tissues were pooled from up to three newborn mice and from two 17-day old DBH-Ras and control mice. RNA was also prepared from adult (3 month) transgenic and control mouse tissues. Complementary DNA was prepared from 2 mg of total RNA using reverse transciptase and oligo dT as a primer. Serial dilutions of each sample were subjected to PCR in a total volume of 30 ml containing 10 mM Tris pH 8.3, 50 mM KCl, 0.2 mM dNTPs, 2 mM MgCl 2 and 0.9 units Taq polymerase (Roche Molecular Systems, Inc., Branchburg, NJ), as well as 0.2 mM each of oligonucleotides #213 (5'-GCACTGCTGTGGCCATCTT-CCTGGTC) and #433 (5'-GCCCTTTCCGGTCACTCCA-GGC) to amplify DBH and/or 0.8 mM each of oligonucleotides DS-18 (5'-ATGTACTGGTCCCGCATGGCG) and DS-24 (5'-CAGGCCCCTGAGGAGCGATG) to speci®cally amplify reverse-transcribed message from the DBH-Ras transgene. Reactions were incubated for 26 ± 35 cycles of 968C, 30 s, 638C, 30 s, then 728C, 60 s using a RoboCyler Gradient 40 temperature cycler (Stratagene, La Jolla, CA). The PCR products were separated on 2.6% agarose gels stained with ethidium bromide and quanti®ed using a Geldoc 1000 imaging system in conjunction with Molecular Analyst software (BioRad, Herceles, CA). Analysis of each reverse-transcribed RNA specimen was repeated at least twice using serial dilutions to verify that the PCR products were proportional to the amount of input RNA. The oligonucleotide pairs used to detect DBH and Ras messages span the second intron in the case of DBH and the ®rst intron in the Ras gene, allowing products from any contaminating genomic DNA to be clearly distinguished. Trace amounts of genomic DNA were rarely detected. The primers used for human Ras did not amplify endogenous murine Ras. Elongation factor 1a cDNA (Brands et al., 1986) was ampli®ed (5' primer: ACATTAAGAAAATTGGCTAC; 3' primer: ATTGAAG-CCCACATTGTCCC) for 24 cycles at 968C for 30 s; 558C for 30 s; 728C for 60 s, quanti®ed as above, and used to normalize the Ras and DBH products to the amount of input cDNA.
Flow cytometry
Tissue samples of neuroblastomas or adult wild-type celiac ganglia were collected and frozen in liquid nitrogen. Nuclei were prepared, stained with 4',6-diamidino-2-phenylindole (DAPI), and subjected to¯ow cytometry as described (Chisari et al., 1989) .
Southern and Northern blot analyses
To determine N-myc gene copy number, 5 mg of DNA extracted from four tumors as well as spleen from a C57BL6/J mouse was digested with EcoRI, fractionated on 0.8% agarose gels and blotted onto Zetaprobe membranes (BioRad, Herceles, CA). Blots were probed with a full length murine N-myc cDNA probe (1.3 kb KpnI/HindIII fragment from pNmycB, provided by Robert Eisenman) as well as an 800 bp StuI/BglII fragment from the mouse metallothionein I promoter (Searle et al., 1984) as a single copy control. For Northern blot analyses total RNA was extracted from frozen tissues using TRIzol reagent (Life Technologies, Inc., Grand Island NY). Frozen celiac ganglia pooled from eight adult 129/JR2448 mice yielded 7.5 mg of total RNA. This was fractionated on a 1.2% agarose ± 2.2 M formaldehyde gel along with equivalent amounts of total RNA isolated from three hyperplastic newborn DBH-Ras 4 mice and six independent neuroblastomas possessing various amounts of dierentiated neural stroma. RNA was transferred to Zetaprobe membranes (BioRad, Herceles, CA), u.v. cross-linked, and hybridized and subsequently stripped of probe per manufacturer's protocol prior to reprobing. Probes used for these studies were: a murine N-myc probe as above, a rat TH cDNA (1.3 kb KpnI/PstI fragment), and a human EF1a speci®c probe used to normalize RNA loading.
Western blotting
Frozen tissues were pooled from the following tissues with the number of pooled animals indicated in parentheses: newborn DBH-Ras mice ± celiac ganglia (4), SCG (9); newborn wild-type mice ± celiac ganglia (4), SCG (6); adult DBH-Ras mice ± celiac ganglia (4), SCG (7); and adult wild-type mice ± celiac ganglia (6), SCG (6). Harvested tissues, frozen on dry ice and stored at 7708C, were homogenized on ice in lysis buer containing 10 mM sodium phosphate (pH 7), 100 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM sodium vanadate, 2 mM phenylmethylsulfonyl¯uoride, 10 mg/ml each of aprotinin, leupeptin and pepstatin. Lysates were centrifuged at 15 000 g for 15 min at 48C. For analysis of Ras protein levels, supernatants were resolved on 8% polyacrylamide-SDS gels and transferred to PVDF membranes (Millipore Corp, Bedford MA). Membranes were immunoblotted with Ras antiserum (pan-Ras(Ab-3), Oncogene Science, Uniondale, NY at 1 : 1000), followed by horseradish peroxidase-linked anti-mouse IgG (Amersham International plc, Buckinghamshire, England, at 1 : 2000). Immunoreactive bands were visualized by chemiluminescence (Renaisance 1 system, DuPont NEN, Boston, MA). A parallel gel was run with the same samples and stained with Coomassie Blue to verify equal loading in each lane.
